Introduction
Newly formed dune slacks with high water tables in the winter and little vegetation seem to be very simple ecosystems. Yet they have a relatively large number of rare and endangered species (Mennema, Quené-Boterenbrood & Plate 1985) e.g. Schoenus nigricans, Epipactis palustris, Dactylorhiza incarnata, Liparis loeselii, Gentianella amarella, Parnassia palustris, Eleocharis quinquefolia and Equisetum variegatum. Most of them are calcicole species and show a clear optimum in the early stages of dune slack formation. In the Dutch coastal dunes this stage may last for between 12 and 32 yr, depending on the initial lime content of the parent material, the hydrological conditions and the manage-Vegetation records over a longer period almost always show distinct fluctuations in the beginning but a directional change in the later stages (Bakker 1989; van Tooren, Schat & ter Borg 1983) . Very often these directional changes were caused by human interference in the environment (van Noordwijk-Puijk, Beeftink & Hogeweg 1979; Sy:kora & Westhoff 1979 ; van Dorp, Boot & van der Maarel 1985) .
In the present study, in order to formulate a hypothesis on the hydrological functioning of dune slacks, we analyse records of vegetation changes in a slack over a 23-yr period. Permanent plot analyses were available, but these plots were sampled irregularly. Environmental conditions were not measured before 1977. The supposed changes in environmental conditions will, therefore, be interpreted from the changes in species composition using ecological literature as a reference. The period studied showed large climatic variation including some extremely dry and wet periods. We therefore relate the precipitation surplus (precipitation minus evaporation) to the observed vegetation changes in order to formulate additional hydrological hypotheses about the functioning of the hydrological system during extreme weather events.
Methods

Description of the study area
The dune slack complex 'Kapenglop' (6.6 ha), originally a sandy beach plain, is situated in the central part of the island of Schiermonnikoog (45°29' N, 06°09' E) and is enclosed by three dune ridges of different ages (150-400 yr; Isbary 1936) . 400 yr ago flooding by sea water ceased with the dune build-up and enclosure. Since that time the dune slack has been influenced only by fresh water. Den Hartog (1953) and Westhoff (1954) were first to report well-developed stands of pioneer vegetation belonging to the Samolo-Littorelletum and the Junco baltici-Schoenetum nigricantis. Schoenus nigricans forming large tussocks covering over 60% of the surface with Liparis loeselii and various other calciphilous orchids present between the tussocks. From the work of de Vries (1961) we estimated that this vegetation type must have been 10-20 yr old (see also Ernst & van der Ham 1988) . Initial establishment of young Schoenus nigricans plants must, therefore, have taken place between 1930-1940 or earlier, most likely in secondary blowouts, perhaps promoted by cattle grazing, which was practised until 1955.
The present study deals with vegetation changes between 1964 and 1987 in the eastern part of the Kapenglop. It is known from earlier descriptions that no large changes occurred in the wet and moist vegetation types between 1954 and 1964. Both the pioneer vegetation types (Samolo-Littorelletum and Junco balticiSchoenetum) were well developed in 1954 and a zone with Cirsium dissectum was also present (Grootjans et al. 1988a) . Between 1977 and 1987, a succession towards a taller and more productive vegetation was observed in most of the dune complex (Grootjans et al. 1988a) . In order to slow down this succession, parts of the study area have been mown since 1977.
Hydrological research (Anon. 1989) has shown that the influence of ground-water extraction on the area has been considerable since the late 1950's. A possible drop in the water-table has been countered by surface water retention in a small dam built in an outlet of the valley in 1977.
Vegetation recording
In 1964, 40 permanent plots were situated in the study area (2m × 2m or 3m × 3m). The plots were chosen in representative vegetation types of the dune slack complex. Species occurrences in all the plots were recorded in 1964, 1977 and 1983 using the Braun-Blanquet cover-abundance scale. Only some of the plots were additionally described in 1971, 1976, 1985, 1986 and 1987 .
Weather conditions
The precipitation surplus (precipitation minus evaporation) over the period 1954 -1987 (Anon. 1989 ; weather station Schiermonnikoog) was calculated for the periods March to August (summer period) and September to February (winter period). The latter was used only in a hydrological context. In dune-slack related systems only variation in summer weather has shown significant relationship with vegetation changes (van der Laan 1979; de Leeuw, Olff & Bakker 1990 ) Therefore, only the precipitation surplus from March to August was considered in this study.
The mean precipitation surplus was calculated over the period 1954 to 1987, a relatively short period, but no reliable data were available from before 1954.
Data analysis
In the present study, the influence on the vegetation of year-to-year variations in precipitation surplus could not be assessed, because the plots were not recorded annually; there were rather long intervals between the recordings which restricted the statistical methods used. Since a direct correlation of abiotic factors and vegetation data was not possible, indirect approaches were used. The total data set consisted of 171 relevés with 130 species.
Average Linkage clustering was carried out using the 'VEGROW' program (Fresco 1989) . The measure of dissimilarity was PD, Percentage Dissimilarity: 100 × (1 -2c / (a+b)), where a and b are the sum of abundances in the first, resp. the second record and c is the sum of the smallest of the two abundance values over all the species. The cluster groups were then arranged in phytosociological groups according to Westhoff & den Held (1969) and Ellenberg (1978) .
Detrended Correspondence Analysis (Hill & Gauch 1980) was applied to the data using CANOCO (ter Braak 1986) . Indicator values according to Ellenberg (1974) , indicating moisture, pH and nitrogen classes were plotted as weighted averages in the 1st/2nd axes space, using the DCA species scores on the axes. As were the product-(interaction-) factors. Using the 'VEGROW' the relationship between DCA space and the indicator values was expressed as a third-or fourthorder polynomial.
Results
Weather conditions
The period preceding 1964 was normal (deviation of the mean 1955-1987 is less than 30 mm) with respect to the precipitation surplus during the growing season ( Table 1 ). The preceding winter periods, however, had been very dry (Table 1) . This was most evident in 1964, though the two preceding years had also been relatively dry. The precipitation surplus in 1977 was normal, both in the summer and the winter, but the summer of 1976 had been very dry (deviation from the mean: -250 mm). The summer of 1983 was slightly wet (: +45 mm), but the winter period was relatively dry. The preceding two years had been normal. Finally, 1987 was very wet in the summer (: +130 mm), while the winter period had been normal. The two summers preceding 1987 had also been wet, especially 1985.
Vegetation differentiation
A clustering of 171 relevés from the period 1964-1987 gave two main groups of vegetation types: a wet group, characterized by species of the Caricion curtonigrae and Phragmitetea (Table 2) , and a moist/dry group (Table 3) , characterized by species which are sensitive to prolonged inundation, such as Festuca ovina, Potentilla erecta and Holcus lanatus. Tables 3 and 4 are arranged in ecological groups according to Westhoff & den Held (1969) and Ellenberg (1978) . The indication Table 1 . Deviation from the mean precipitation surplus value for moisture and pH according to Ellenberg (1974) are added for each species. Each group can be divided into six subgroups. Within the wet group, C1 and C2 are characterized by Equisetum fluviatile (highly frequent) and pioneer species, e.g. Samolus valerandi and Littorella uniflora. C2 also has a high frequency of Pedicularis palustris. Clusters C3 and C4 are characterized by a high frequency of Cirsium dissectum, Carex panicea and Potentilla erecta, and C3 also has a relatively high frequency of calciphilous species, such as Schoenus nigricans and Epipactis palustris, while C4 has a high frequency of the more acidiphilous Potentilla palustris. C5 has much in common with C4, but it is wetter; flood-tolerant species such as Eleocharis palustris are frequent, while species sensitive to prolonged flooding are absent. The last cluster (A) is characterized by shrubs (Alnus glutinosa, Betula pubescens) and is species-poor.
The Festuca/Potentilla (main) group of Table 3 is heterogeneous with respect to moisture. The first three groups belong to the Violion caninae (V). Cluster V1 has a high frequency of wet species such as Carex nigra and Hydrocotyle vulgaris. Furthermore, the calciphilous Carex flacca is at an optimum here. V2 is a welldeveloped, species-rich Violion caninae community with a high frequency of Antennaria dioica. V3 is characterized by a high cover of Salix repens and lacks calcicoles. The last three clusters of Table 3 are moist to very dry, species-poor and have a high frequency of acidophilous species, such as Rumex acetosella and Corynephorus canescens (VC) and Erica tetralix (E). Table 2 . Cluster groups based on an Average Linkage Clustering of relevés in the lower part of the dune slack. The table shows the frequency of the species within the cluster group (%) and the mean abundance on a decimal scale; from 1 (< 5%) to 7 (> 75%) (+ = mean abundance < 0.5). F and pH values represent indication values of moisture and acidity according to Ellenberg (1974) . Table 3 . Cluster groups based on an Average Linkage Clustering of relevés in the upper part of the dune slack. (see Table 2 .) of all records and are presented as four separate biplots, showing the direction of change within four successive periods. Circled arrows represent the mean direction of change in each quadrant. Between 1964 and 1971 (Fig. 2a ) several plots show a shift towards calcareous conditions (a move to the bottom). Only one relatively dry plot indicates increased acid conditions.
Between 1964 and 1977 a shift towards drier (to the left) and more acidic conditions (to the top) can be seen (Fig. 2b) . One plot in the relatively dry Ericetum tetralicis vegetation shifts towards less acid conditions and this, associated with increased Betula pubescens, leads to a decline in distinctly acidophilous species, such as Erica tetralix.
'Re-wetting' appeared to be the dominant process between 1977 and 1983 ( Fig. 2c) , both in the wet and dry plots. Indications of increased acidification seem to be present in only a few plots, most of them very dry, but
Interpretation of environmental differentiation
Environmental differentiation was interpreted from the variation in species composition in the complete data set . In the DCA-species plot (Fig. 1) , 52% of the variation is explained by axis 1. Axis 2 explains 20% of the variation. Indicator values for moisture, pH and nitrogen (Ellenberg 1974) were plotted in the first and second axes space, using the DCA species scores on the axes. Trend Surface Analysis of the three factors and interactions (Table 4) revealed that nitrogen and the product-factors did not contribute essentially to the interpretation. The first axis is largely determined by moisture and the second by pH. The changes in individual permanent plots are shown in Fig. 2 . The biplots originate from one DCA analysis Fig. 1 the interpretation becomes obscured since changes towards Alnus glutinosa or Betula pubescens shrubs coincide with the pH axis. A further 're-wetting' occurred between 1983 and 1987, especially in the wet and moist plots (Fig. 2d ).
General changes in the permanent plots
As the changes described are based on both species composition and to a lesser extent species abundances, the possibility exists that the response of highly indicative species with low abundances is obscured in the DCA analysis. We, therefore, selected several species from Tables 2 and 3, with high or low indicator values of moisture or pH (according to Ellenberg 1974) , and analysed their frequency (per year) in 17 permanent plots which had not undergone changes to shrubs, but had been mown since 1977.
Change in frequency of individual species
Between 1964 and 1977 the changes in frequency were only modest. Some acidophilous species such as Viola canina and Potentilla palustris showed an increase, while relatively calciphilous species such as Carex flacca and Pedicularis palustris showed a distinct decrease. (Fig. 3) . The frequency of most other calcicoles such as Schoenus nigricans and Epipactis palustris remained constant, but showed a steep decline between 1977 and 1983, which marked the end of the period of relatively dry years. Not only calcicoles declined, but also species, such as Viola canina and Antenaria dioica of the Violion caninae, a community found in moist, poorly-buffered habitats. The wet acidophilous species, such as Potentilla palustris and Eriophorum angustifolium showed a steep increase between 1983 and 1987.
Discussion
Vegetation succession in wet dune slacks
The observed changes in the 23-year study period correspond very well to the dune slack succession schemes of the Dutch Wadden Islands (Westhoff 1971 the Island of Schiermonnikoog (1.1%; Rozema et al. 1985) . We, therefore, originally believed that natural de-calcification had occurred in which the 'critical point' of pH buffering by solution of CaCO 3 had been surpassed (at 0.3% CaCO 3 ; Rozema et al. 1985) . Further research (Grootjans et al. in press) , however, showed that the soil had been completely leached to a depth of over 100 cm in almost all sites investigated. It was calculated that in order to arrive at a lime content of 0.04-0.07% (at 10-30 cm below the surface), de-calcification should have started about 400 yr ago. This is approximately the age of the entire Kapenglop dune area. It may, therefore, be concluded that low lime in the parent sand could not have been the main source of the calcium enrichment that is thought to have occurred between 1954 and 1964. Furthermore, higher lime contents, which could have been the result of secondary sand blowing of lime-rich sands, were not found in the top soil of the profiles. It was, therefore, assumed that the calcareous conditions between 1954 and 1964 were caused by the discharge of Ca-rich ground water from local hydrological systems that were large enough to allow stream patterns through deeper unleached soil layers. If this ground water comes in contact with unleached soil layers, even for a very short period this had lost all pioneer species and gained marsh species, such as Potentilla palustris and Eriophorum angustifolium, while the calciphilous Junco baltici-Schoenetum nigricantis had (almost) disappeared, leaving only some relics of the original species in a small zone underneath the Violion caninae vegetation. The latter vegetation type lost all calcicoles. Salix repens increased considerably in the mown plots, while Betula pubescens and, to a lesser extent, Alnus glutinosa took over in the unmown plots.
The main difference from the succession scheme of Westhoff (1971) is that dune scrub has developed directly from the Violion caninae stage, by-passing the Empetro-Genistetum (dune heath) stage. Apparently the nutrient status on Schiermonnikoog was too high for the development of dune heaths.
Factors affecting the life span of calciphilous pioneer vegetation
In an earlier study on rare species decline in the Kapenglop area (Grootjans et al. 1988a ) it was estimated that the total life span of the calciphilous Junco baltici-Schoenetum nigricantis was 25-32 yr, which is not unusual considering the low initial lime content of Tables 2 and 3 ). The water tables in the summer (dashed line) are estimations based on the occurrence of moisture indicating species on a height gradient. The occurrence of seepage of calcium-rich ground water into the dune slack (arrows) or calcium enrichment by evaporation, is inferred from the presence of calciphilous species (according to Ellenberg 1974) . The changes in tap water production and fluctuations in precipitation surplus are also indicated.
will lead to complete saturation with Ca 2+ (van Breemen & Protz 1988; Holland 1978) .
We may conclude therefore, that the observed decrease of calciphilous vegetation since 1964, was associated with a diminished discharge of calcium-rich ground water into the dune slack.
A hypothesis for hydrological research
An interpretation of changes in the hydrological regime is presented in Fig. 4 , showing the changes in ground-water flow between 1964 and 1987 in a crosssection of Kapenglop from west to east. Precipitation surplus (deviation of the mean) and the tap water production by a nearby well field are also shown. The direction of ground-water flow has been interpreted from moisture and pH conditions indicated by the occurrence of plant species (Ellenberg 1974) .
In 1964 most of the vegetation in the transect indicated calcareous conditions (abundance of Schoenus nigricans, Epipactis palustris, Carex flacca and Pedicularis palustris). Many pioneer species (Littorella uniflora) and helophytes were also present (Scirpus lacustris ssp. glaucus).
In the dry year of 1971, several (wet) plots indicated increased calcareous conditions, due to the recent establishment of Schoenus nigricans, Littorella uniflora, Pedicularis palustris and Epipactis palustris. This phenomenon was partly due to the exposure of bare sand, creating new opportunities for pioneer species, while the increased evaporation probably resulted in the concentration of Ca-rich water in the top soil.
In 1977 the process of acidification became predominant, possibly reaching the stage where no shift towards more calcareous conditions could be induced by the extremely dry summer of 1976. The effect of the extreme drought was clearly expressed in species composition (decline of Scirpus lacustris, Eleocharis palustris, Echinodorus ranunculoides, and Equisetum fluviatile). The acidification process became evident only in the moist and dry sites (decline of Antennaria dioica, Carex flacca, Pyrola rotundifolia, and Prunella vulgaris and increase of Erica tetralix and Luzula campestris). Apparently the capillary rise of Ca-rich ground water had stopped or became insufficient to maintain sub-neutral pH conditions in the top layer.
After a relatively wet period, starting in 1983, an increase in moisture occurred up to a level comparable to that of 1964. The species composition was indicating, however, more acid conditions. The changes in species composition had been relatively small since 1983, but they were ecologically significant; the last of the calcicoles disappeared, while calcifuges were more frequently found in the permanent plots (Fig. 2) .
The increased acidification under prevailing wet conditions point to an increased influence of precipitation water at the cost of calcium-rich ground water in the whole dune slack. These changes coincided with a gradual increase in tap water production, which apparently did not lead to a lowering of ground-water levels in the study area. This phenomenon was probably caused by the erection of a small dam in an outlet of the dune slack in 1977. The effect of this measure probably was that the influence of tap water production (and other drainage activities in the surroundings) was compensated for by retention of precipitation water in the dune slack. This eventually accelerated the process of acidification.
Fluctuations or succession
Our results appear to indicate that dry periods seem to retard the development of a more productive and less calciphilous vegetation, while wet periods tend to accelerate the acidification process in dune slacks with considerable accumulation of organic matter. This means that the nutrient status of a slack mainly determines how extreme weather conditions will affect the vegetation. This agrees with Sy;kora & Westhoff (1978) who concluded that the very low water tables had a greater effect in the eutrophic pools (increased eutrophication) than in the oligotrophic ones. Sy;kora (1977) mentioned several changes in the (geo)hydrological conditions on the island of Terschelling which complicated the interpretation of the effect of the drought of 1976. No detailed records are available as to how the vegetation responded to the wet years of 1985 and 1987, but it might well be that the effects of the dry summer obscured (retarded or reversed) the effects of earlier changes in the hydrology.
The abundant occurrence of Eriophorum angustifolium in several dune valleys on the Dutch Wadden Islands (pers. comm. V. Westhoff) points to increased acidification, due to increased influence of precipitation water in (formerly calcareous) dune valleys, leading to a rapid build-up of organic material.
Weather conditions and disturbances
Interaction between weather conditions and (human-influenced) succession is not restricted to pioneer stages in dune valleys. A similar mechanism was also observed in grasslands on peat soils of small stream valleys (Calthion palustris; Grootjans, Schipper & van der Windt 1985, and Cirsio-Molinietum; Grootjans, Schipper & van der Windt 1986) .
Very little information is available on the response to extreme droughts of hydrologically-undisturbed wet base-rich ecosystems. Grootjans, Schipper & van der Windt (1986) reported that the Cirsio-Molinietum vegetation did not show any significant changes in species composition after the extremely dry summer of 1959. Interference with the hydrology had not yet taken place. Nor are extremely wet periods likely to have a large effect on undisturbed ecosystems with a strong discharge of base-rich ground water, because the precipitation surplus would normally leave the system rapidly through natural overflows (Grootjans et al. 1988b; Wassen 1990) .
These examples show that, in areas with a large precipitation surplus, wet calcareous ecosystems apparently become very vulnerable to effects of extreme weather conditions. Under such conditions dry periods tend to obscure the effects of man-made hydrological disturbances, and postpone the acidifying effects until a period when there is a greater surplus of precipitation.
